Abstract-High operational costs, environmental concerns and fuel handling challenges in diesel-based remote off-grid systems have prompted the application of alternative sources of energy and energy storage systems. Based on these drives, operators of isolated microgrids have been seeking out these alternatives. In response, a Canadian utility is investigating the application of utility scale photovoltaic (PV) generation and Battery Energy Storage Systems (BESS) to supplement existing Diesel Generators (DiGs) in an off-grid community. This paper presents the design, operation, and dispatch strategy for this hybrid PV/BESS/DiG isolated microgrid. A Northern remote off-grid community in Canada is used as a case study. Custom models to accurately represent all components of the hybrid microgrid in the Northern climate are developed first. Then, optimization algorithm that minimizes the Annual System Cost (ASC) are developed to size the PV and BESS. The algorithm incorporates the cost of the BESS, the rated power limits of PV and BESS, and the prime rating capability of DiGs. Finally, the paper proposes to optimally site the BESS by minimizing the total system loss and optimizing the voltage profile along the feeders. The study reports both cost saving and power quality improvement with the installation of PV and BESS, and presents guidelines on how to generalize these results to other hybrid isolated microgrids.
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I. IntroductIon
H IGH transmission cost of electricity is often the reason remote communities are operated off-grid. In these cases, diesel generators (DiGs) present themselves as a more economic option to the electric utility. In Canada, there are around 300 remote off-grid communities that are mostly powered by DiGs [1] . Fuel transportation is often a challenge to those communities, especially during the months without road access (ice roads are typically available from December to March only). At the same time, the load growth in those communities often prompts continual investment on additional diesel storage tanks if DiGs remain the only generation option. In recent years, there has been a strong drive to install photovoltaic (PV) farms and battery energy storage systems (BESS) to support DiGs in remote communities in Canada, in a number of government incentives [2] - [4] . In such systems, optimum sizing and siting of PV and BESS, as well as their control strategies are important topics.
In general, the sizes of power sources in microgrids are determined by using optimization problem [5] - [8] , in which the components of microgrids are modelled from different perspectives, e.g., economic models, power models and dynamic models, considering various objectives [9] - [16] . Their locations also have profound effect on the microgrid performance. While the PV system location is typically constrained by land requirements and availability, the BESS location is much more flexible. In general, BESS' allocation methods can be divided into two groups: 1) optimum battery operation [17] - [20] and 2) optimum microgrid operation [21] - [29] . In the first category, objectives such as installation [17] , maintenance [18] , and operation [19] are considered. These methods are not commonly used in power system since they are not holistic. In the second category, different objectives such as transient stability improvement [21] , power losses minimization [22] , [23] , voltage stability/profile improvement [24] - [26] , load shifting and peak shaving [27] , distributed generation support [28] , [29] are considered. This paper presents the design procedure, operation and dispatch strategy of a hybrid PV/BESS/DiGs microgrid. The optimal sizes of PV and BESS systems, and the optimal location of the BESS are determined. A Northern remote off-grid community in Canada is used as a case study. Here, Annual System Cost (ASC), which contains Annual Capital Cost (ACC), Annual Operation Maintenance Cost (AOMC), Annual Replacement Cost (ARC), Annual Fuel Cost (AFC), and Annual Emission Cost (AEC), are minimized subjected to the microgrid's configuration and operation constraints to achieve optimal size. The design process is verified by extensive simulations. In this paper, the influence of battery bank cost, rated power limits of PV and BESS, and prime rating capability of DiGs on the optimum size of PV and BESS are studied in detail. In the microgrid, the BESS location is determined by considering total system loss and voltage profile of the buses.
II. HybrId MIcrogrId coMponents
The simplified configuration of the hybrid PV/BESS/DiGs microgrid to be set-up in the case study remote community is shown in Fig. 1 
A. Photovoltaic (PV) System
The output power of PV module is obtained using (1) [30] - [32] , which is multiplied by N (the number of PV modules) for PV system output power (P pv (t)) calculation:
where η pv (t) is the instantaneous efficiency of PV module, A pv is the area of each PV module in m , and E (t) is the total solar irradiance in W⁄m 2 . In this model, the instantaneous efficiency of PV module is obtained by:
where η pv-ref is the PV module reference efficiency, η MPPT is the Maximum Power Point Tracking (MPPT) efficiency (assumed to be 1), β is the temperature coefficient of efficiency, T c (t) is the PV cell temperature in °C, and T c-ref is the PV cell reference temperature. In (2), the PV cell temperature can be obtained by:
where NCOT is the normal cell operating temperature and T a (t) is the ambient temperature in °C. In the PV model (1), the total solar irradiance (E (t)) has three different components:
where E b (t) is the direct radiation, E d (t) is the sky diffuse radiation, and E r (t) is the ground reflected radiation. In this paper, details on the model of E (t) and PV module are obtained from [30] and [33] . Considering the model of PV system, the inputs of this mathematical model are the direct irradiance on the solar module (E b (t)) and the ambient temperature (T a (t)) on the site, as shown in Fig. 2 
B. Battery Energy Storage System (BESS)
The battery banks' State of Charge (SOC) should be bounded in order to protect them against damage and prolong their lifetime [34] , [35] . The SOC of battery bank at hour t depends on previous SOC value at hour t -1. In (5), available energy of battery bank at hour t is presented [34] - [36] :
where C B (t) and C B (t -1) are the available capacity of battery banks at hour t and t -1, σ is the battery self-discharge rate, P bat (t) is the battery power at hour t, and ∆t is the time step (in this paper, it is an hour). In this study, Lithium-Ion battery with nominal capacity of 15 kWh for an individual battery bank will be used, in which the constraints on its SOC are considered as follows:
where C B-min and C B-max are the minimum and maximum allowable energy levels of battery bank during discharging and charging modes, respectively. All energy level values must be multiplied by the number of battery banks N bat . Here, the battery banks charging and discharging efficiencies are both 97%, resulting in roundtrip efficiency (DC-to-storage-to-DC energetic efficiency, or fraction of storage energy that can be retrieved) of 95%.
C. Diesel Generators (DiGs)
To use the DiGs in acceptable efficiency range, they must operate above a minimum output value [37] . In (8) , optimum operating range for the individual DiG is provided: 30% × P DiG_R ≤ P DiG (t) ≤ 90% × P DiG_R (8) where P DiG (t) is the individual DiG's power and P DiG_R is the rating power, which is 1.145 MW for each DiG on the site.
D. Load Demand
As mentioned, the overall community load is lumped and represented as a single load (the site load demand data for a year will be shown in Fig. 6 ). After analyzing data, it is concluded that the average of load demand is 1.4688 MW (standard deviation 0.3318 MW), and the minimum and maximum are 0.8177 MW and 2.4536 MW, respectively.
III. dIspatcH strategy of HybrId pV/bess/dIgs MIcrogrId
The objective of dispatch strategy is to match the load demand and the PV, BESS, and DiGs production. In general, the most important function is the BESS charging strategy. There are two main strategies [38] :
• Load Following Control Strategy (LFCS): In this strategy, the BESS is just charged when free energy is available. This control strategy is usually used when renewable power sources penetration is high enough (excess/ free energy is high enough).
• Cycle Charging Control Strategy (CCCS): In this strategy, whenever it is possible, the BESS is charged to its predefined set-point state of charge (by free energy or by increasing the power of DiGs). This control strategy is mainly used when renewable power sources penetration is not high enough. Although the CCCS imposes additional fuel costs to the DiGs for charging the BESS, it reduces the amount of time the battery bank spends at a low state of charge. It also tends to reduce the number of DiGs' start-up and the number of battery charge-discharge cycles that occur throughout the year. Thus, it can be cost-effective. In this study, since the maximum PV power limit is not high enough (1.5 MW -to be discussed later), the CCCS is a better option. Also, the study of annual system cost and monthly system cost of both LFCS and CCCS have confirmed the cost-effectiveness of CCCS in this case study system. Fig. 3 shows the flowchart of dispatch strategy used in this study. The outcome of this strategy is the output powers of DiGs and BESS, and the amount of excess power and unmet load demand at hour t. It is worth to mention again that the time step in this paper is an hour.
The PV system always tracks its maximum power point (MPP). The PV system output power is assumed constant during each Δt. The BESS is discharged to reduce the number of DiGs start-ups and the system total cost (see in Fig. 3 ). The BESS is charged whenever enough power can be provided (see in Fig. 3 ). On the DiGs operation, their operating powers should be within their minimum and maximum powers range. The DiGs are started-up sequentially when the output power of PV and running DiGs, along with BESS maximum discharge power cannot meet load demand.
IV. optIMal sIzIng of pV and bess
This section defines the objective function to address the optimal size of PV and BESS and presents simulation results.
A. Objective Function
The objective function minimizes the Annual System Cost (ASC), to best benchmark the cost analysis. The ASC includes Annual Capital Cost (ACC), Annual Operation Maintenance Cost (AOMC), Annual Replacement Cost (ARC), Annual Fuel Cost (AFC) of the DiGs, and Annual Emission Cost (AEC) of the DiGs. In the ASC calculations, the PV modules, the PV inverters, the battery banks, the battery converters, and the diesel generators are considered. In (9), the ASC is presented: 
ASC = ACC + AOMC + ARC + AFC + AEC + ADC (9)
The following describes the aforementioned annual costs [30] , [34] , [36] - [40] . The parameter values have been provided by the owner and operator of the off-grid microgrid studied in this paper.
1) Annual Capital Cost (ACC)
The ACC of each component is calculated using (10) .
where C cap is the each component capital cost in $, y is the project lifetime in year, CRF is the capital recovery cost (a ratio used to calculate the present value of an annuity, a series of equal annual cash flows) and i the is real interest rate (or called real discount rate). The calculations of CRF and i are presented in (11) and (12).
where i' is the nominal loan interest (or nominal discount rate) and f is the annual inflation rate. TABLE I lists parameters used for the ACC calculation of each component in this paper.
2) Annual Operation Maintenance Cost (AOMC)
The operation maintenance cost calculations use the parameters shown in TABLE II. Based on these parameters, the AOMC of different components are:
3) Annual Replacement Cost (ARC)
The ARC is the annual cost for replacing components during project lifetime. Considering components' lifetime, only the BESS (batteries and converters) need to be replaced. The ARC of BESS will be:
where C rep is the BESS replacement cost in $, and f d is the interest factor. The interest factor (f d ) is a ratio used to calculate the present value of a cash flow that occurs in any year of the project lifetime, which is calculated using (17) . (17) where N is the BESS lifetime. In this paper, C rep is considered the same as C cap for the BESS, and the lifetime is 15 years.
4) Annual Fuel Cost (AFC)
The AFC of each DiG is calculated as follows: (18) where C f is the fuel cost per liter and F (t) is the hourly fuel consumption in $/h. The F (t) is calculated for each DiG as:
where P DiG (t) is the DiG generated power in kW, P DiG_R is the DiG rated power in kW, and S (t) is the state of DiG, which is zero when not running, and one when running. The dispatch strategy determines the P DiG (t) of each DiG. In (19) , a and b are obtained from the diesel engine's fuel consumption curve versus its generated power. Based on data of fuel consumption of the existing DiGs in the case study microgrid and using curve fitting of MATLAB software, the a and b are calculated as 0.2167 and 0.0269, respectively. Since the AFC can be a representation of carbon emission, its minimization not only reduces the cost of fuel but also the pollutant emission to the atmosphere. In this paper, C f is considered as $1/Liter.
5) Annual Emission Cost (AEC)
The carbon emission and its penalty are considered in this study. The AEC is the annual cost to capture carbon emission generated by the diesel generators. For each DiG, the AEC is (20) where E f is the emission factor in kg/kWh, and E cf is the emission cost factor in $/ton. The E f of DiGs on the site is 0.634 kg/kWh, and E cf is assumed to be $30/ton (E cf is referred to carbon tax, which has been effective on Jan. 1, 2017 in Alberta with the price of $20/ton. The price has been raised to $30/ton on Jan. 1, 2018).
B. Constraints
The practical constraints of the optimization problem can be divided into configuration constraints and operation constrains. The configuration constraints are the maximum number of PV modules (N pv_max ) and battery banks (N bat_max ). In this paper, the maximum amount of PV power and battery banks were set at 1.5 MW and 750 kWh due to budget constraints. Since the 340 W PV modules and 15 kWh battery banks are assumed, N pv_max and N bat_max are 4412 and 50.
The operation constraints are the balance of generated and consumed power, the constraint on the energy level of BESS, and the optimum operating condition of DiGs. All these operation constraints are addressed in the dispatch strategy, and are reviewed as:
C. Simulation Results
The components of hybrid microgrid are modeled in MAT-LAB software, and the optimization problem is solved to achieve the optimal number of PV modules and battery banks. T he influences of 1) battery bank cost, 2) PV and BESS maximum powers limits, and 3) prime rating control of the DiGs on optimization results are also studied.
1) Results Under Different Battery Bank Cost
TABLE III presents the simulation results, which include the optimal number of PV modules and battery banks, the minimum value of ASC, and the operation information of power sources under different BESS costs. The results suggest maximizing the amount of PV modules (P pv_max =1.5 MW) for optimal operation for all BESS costs. However, increasing the BESS cost results in decreasing number of battery banks. From the results, the installation of PV system and BESS decrease the Annual System Cost (ASC).
The results also suggest that the higher the number of battery bank, the lower the operating hours of DiGs. This is expected since the BESS tends to reduce the number of DiGs' start-ups, which leads to reduced DiGs operating hours (when the BESS optimal size is large enough, the third diesel generator is not running). When a DiG is running, its output power is increased to charge the BESS if needed (since the BESS is controlled under CCCS). That's why the annual energy production of the first DiG is increased when the higher amount of BESS is installed. About the second DiG, since its number of start-ups (and as a result, its operation hours) is reduced drastically by the BESS installation (e.g. from 7427h under no battery installation to 4201h under the installation of 315 kWh battery banks), its energy production is also reduced. Under the proposed Cycle Charging Control Strategy (CCCS), DiGs are not started-up exclusively to charge the battery, and only the already running DiGs are used. Fig. 4 and Fig. 5 show output power of the first and the second DiGs without the PV and BESS installation, and with the optimized PV and BESS installation (P bat-opt = 315 kWh and P PV-opt = 1.5 MW under C cap-bat = $1350/kWh). The results confirm that the PV and BESS installation reduce the operation hours of the first and the second DiGs, especially in the summer season when the output power of PV system is high, and the load demand is low. Also, the second DiG should operate most of the time when the PV and BESS are not installed (especially in the winter season, when the load demand is high). Fig. 6 shows the yearly load demand power and the PV system produced power (P pv_nominal = 1.5 MW). For clear illustration of the output powers of different power sources during the months of a year, monthly power productions of the first and second DiGs and the PV system are shown in Fig. 7 , without the PV and BESS installation and with the optimized PV and BESS installation (C cap-bat = $1350/kWh). One main point from the results is that in the presence of PV system in the summer season (when PV output power is large enough), the high portion of load demand is supplied by a single DiG and the PV source. However, in the winter season, due to PV source's small output power, the two DiGs are the major power sources.
In Fig. 8 , different elements of the ASC function (ACC, AOMC, ARC, AFC, and AEC) are shown. As shown in the figure, the installation of PV and BESS reduce all the cost components except the ACC and ARC (due to the PV and BESS purchasing). Also, the AFC, AOMC, and ACC are the top three expensive cost components of the ASC. Moreover, the AOMC goes down when larger BESS is installed (since it depends on the operation hours of the DiGs). Since the AFC of diesel generators depend on their energy production, they have the same variation pattern as the DiGs' energy production under different BESS costs (explained earlier for TABLE III). The variation of the AEC and the AFC are also similar under different battery bank cost since the AEC depend on the fuel consumption. Considering the above discussions, it is important to clarify how the BESS cost influence the optimization results. An increase in the BESS cost reduces the optimal battery size. Fig. 9 shows the optimal size of BESS under different battery bank costs. When the BESS cost (including the battery and converter costs) goes higher than $900/kWh, the optimal size starts to decrease from its maximum limits (750 kWh), and when it reaches $3450/kWh, the optimization converges to zero number of battery bank. Note that this optimization only considers the ASC minimization. In practice, for the PV power smoothing control, the minimum amount of BESS is still required.
2) Results Under Increased Maximum Power Limits of PV and Battery
To evaluate the influence of maximum power limits of PV system and BESS on the optimization problem, they are increased into P pv_max = 5 MW and P bat_max = 4 MWh. TABLE IV provides the simulation results for two different BESS costs, $1350/kWh and $1800/kWh . TABLE III and TABLE IV allow drawing the following conclusions:
• The optimal PV system size is 2.095 MW.
• Since the optimal size of PV system is increased from 1.5 MW to 2.095 MW, the DiGs operation hours and their fuel consumptions are reduced.
• The optimal size of BESS increases when higher limits are allowed.
• Although the optimal size of PV and BESS are increased under higher maximum limits, the ASC reduces.
3) Results Under Diesel Generators Prime Rating Enabled
The DiGs under study can have their maximum output power increased from 1145 kW to 1280 kW for the maximum of 8 hours each day. This is called prime rating. Applying this capability provides different results, which are shown in TABLE V for the BESS costs of $1350/kWh and $1800/kWh. From the table, enabling the prime rating capability provides the smaller amount of optimal BESS. This is reasonable since the purpose of prime rating is to reduce the number of DiG start-ups, like the BESS control target. Also, since the purposes of prime rating of DiGs and the BESS installation are the same, the DiG operation hours and fuel consumptions are similar with and without prime rating consideration. The results suggest that the ASC is lower with the prime rating enabled than without it, since the BESS are expensive. 
D. Discussions
The results presented in this section suggest that:
• In each microgrid, there is an optimum amount of PV power that minimizes the annual system cost, and the higher PV power installation cannot guarantee the lower ASC.
• The optimal size of BESS directly depends on its capital costs. Increasing the BESS cost leads to the smaller optimum size of BESS.
• Since the BESS reduces the number of DiG start-ups, a larger BESS size leads to fewer operation hours of the DiGs.
• The PV system and the BESS installation reduce all the ASC components except the ACC and ARC (due to the PV and battery initial costs). of diesel generators depend on their operation hours, it goes down when larger amount of the BESS is installed.
• Since the Annual Fuel Cost (AFC) of DiGs depends on their energy production, it will go down in the presence of PV and BESS.
• The diesel generators are the most expensive components of hybrid microgrid. Their costs go beyond that of an engine and alternator. The cost of building, fuel storage tank, and maintenance must also be considered.
• Enabling the prime rating capability of DiGs results in smaller optimal size of the BESS since it takes the BESS responsibility in reducing the number of DiGs start-ups.
V. allocatIon of tHe pV and bess
In this study, the installation location of PV system was determined by land acquisition limitations. As a result, only the battery bank allocation is addressed. Two objectives are included in the optimization problem: 1) the total loss of system, and 2) the voltage profiles of nodes. The microgrid under study was modeled in CYME software and its LongTerm Dynamic module (this module offers a time-series simulation tool). Six nodes suitable for the BESS installation were selected first. Then, the Long-Term Dynamic simulation is run for a year, with the BESS sited in each selected node. The output active and reactive powers of DiGs, PV system, and BESS, as well as the voltage profiles of all nodes are monitored to choose the best node among candidates. Fig. 10 shows the simplified schematic of the case study with the six selected locations for the BESS installation.
A. BESS Allocation Considering System Total Power Loss
The simulation results are provided in TABLE VI. The results allow us to conclude that when the BESS is placed close to the diesel generators (locations #1 to #3), the output active and reactive powers of DiGs as well as the total loss of system are smaller than in all other cases. As a result, they are good candidates for placing the BESS.
B. BESS Allocation Considering Voltage Profile of Nodes
Here, the voltage profiles of nodes are considered for the allocation of BESS. In the study, the "worst downstream under-voltage" and "worst downstream over-voltage" during a year are identified. TABLE VII and TABLE VIII present the simulation results for the worst downstream under-voltage and over-voltage when the BESS are placed in the six different sites. The results allow us to conclude that installing the BESS near loads (locations #4, #5 and #6) could increase the under-voltages in the system and could produce large over-voltages. Since all the worst under-voltages are in the acceptable range (higher than 95%), it is better to place the BESS close to the diesel generators (locations #1, #2, or #3) to reduce the worst over-voltages. As an example, the worst downstream over-voltage when the BESS is placed in location#1 and in location#6 are shown in Fig. 11 and Fig. 12 , which verify the above discussions.
Through the above study, we found that it is recommended to allocate the BESS close to the diesel generators to reduce 1) the system total power loss, 2) the diesel generators output active and reactive powers, and 3) the worst downstream over-voltages. 
VI. conclusIons
In this paper, the design, operation, and dispatch strategy for a hybrid PV/BESS/DiGs isolated microgrid were presented. The optimal sizes of PV and BESS systems and the optimal location of the BESS were determined, and a Northern remote off-grid community in Canada was used as a case study. The Annual System Cost (ASC) was minimized as an objective function to determine the optimal sizes of PV system and BESS. The study revealed that: 1) There is an optimum size of PV system that minimizes the ASC, and increasing the PV power installation cannot guarantee lower ASC. 2) The BESS optimal size is primarily affected by its capital cost.
3) The higher amount of BESS installation reduces the DiG start-ups, resulting in lower DiG operation hours. 4) The DiGs are the most expensive components of the microgrid. 5) The AFC, AOMC, and ACC are the top three expensive cost components of the ASC. 6) The DiG prime rating capability reduces the number of DiGs start-ups. This effect is similar to that of the BESS, thus resulting in smaller optimal size of BESS. In this paper, the BESS was also allocated considering the system total power loss and voltage profiles of the nodes. The results revealed that installation of the BESS close to the DiGs leads to smaller power loss, DiGs output active and reactive powers, and worst downstream over-voltages. The results of the paper can be generalized to similar isolated microgrids. His research interests include hybrid AC/DC microgrids, smart grids, power quality control, renewable energy and distributed generation, and power converter topologies and control. 
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